Meju is a traditional Korean fermented soy product used as a key element for soy sauce and doenjang. Bacilli with antimicrobial activity were isolated from meju prepared by traditional methods at Sunchang county, Jeollabukdo, Korea. Six isolates were identified as Bacillus amyloliquefaciens by recA gene sequencing and RAPD-PCR. One isolate, B. amyloliquefaciens MJ5-41, showed the strongest fibrinolytic activity. A 27 kDa active fibrinolytic enzyme, AprE5-41, was purified from the culture supernatant of MJ5-41 grown on LB by chromatographic methods. The optimum pH and temperature for purified AprE5-41 were 7.0 and 45 o C, respectively. AprE5-41 quickly degraded Aα and Bβ chains but not the γ-chain of fibrinogen. AprE5-41 exhibited the highest specificity for N-succinyl-Ala-Ala-Pro-Phe pnitroanilide, a known substrate for α-chymotrypsin, cathepsin G, and subtilisin BPN'. The structural gene, aprE5-41, was cloned by PCR and successfully expressed in B. subtilis.
Meju, a key ingredient for soy sauce and doenjang, is prepared mostly by natural fermentation of soybean previously soaked in water overnight, boiled, and then molded like a brick by hands. During fermentation for a few months in the air, various microorganisms grow on the surface and inside of the meju. Among them, bacilli and molds are the two most important groups of microorganisms, both contributing to the degradation of proteins, carbohydrates, and other macromolecules in soybean into smaller molecules such as amino acids and fatty aids [16] . Thus, they play important roles for the development of unique flavor and tastes of fermented soy foods [20] . Bacilli, natural residents in rice straw and soil, actively secrete several proteases, and the proteases are responsible for the enhanced nutritional values and flavor of fermented soy products by generating amino acids and peptides from soy proteins [4, 16] .
Among the secreted proteases, some show fibrindegrading activities, and they have been the subject of active researches in recent years because they could be utilized as novel curing or preventive agents for vascular diseases such as myocardial infarction and cardiovascular infarction caused by fibrin accumulations in the blood vessels [1, 18] . Nattokinase, a serine protease secreted by B. subtilis Natto, is the first isolated enzyme with fibrindegrading activity [21] , and products containing nattokinase are currently on the market as health promoting supplements. Proteases similar to nattokinase are secreted by other bacilli isolated from cheonggukjang [9, 12] , doenjang [11] , and douchi [17] , a Chinese fermented soyfood. Among the secreted proteases of bacilli, the major one is a subtilisin (AprE, encoded by aprE) belonging to serine proteases [3, 5] . Like nattokinase encoded by aprN, AprE protease is produced as a preproenzyme, and the mature active enzyme consists of 275 amino acids. AprEs also share highly similar amino acid sequences with nattokinase, including the catalytic triad consisting of Asp32, His64, and Ser221. AprE proteases produced by some Bacillus species are useful resources for the production of functional foods or medicines. If bacilli strains with improved fibrinolytic activity are constructed and the strains are used as starters for fermented soyfoods, foods with enhanced functionality will be available. Here, we report the purification and characterization of an AprE-type enzyme with high fibrinolytic activity from B. amyloliquefaciens MJ5-41, a strain isolated from meju with growth inhibiting activity against Aspergillus and Penicillium species producing mycotoxins.
MATERIALS AND METHODS
Bacterial Strains and Culture Conditions B. amyloliquefaciens MJ5-41 was isolated from meju prepared by traditional ways at Sunchang, Junbuk, Korea. B. amyloliquefaciens MJ5-41 was grown in LB (Bacto tryptone 10 g/l, NaCl 10 g/l, yeast extract 5 g/l) broth at 37 o C with aeration. For cultivation of cells harboring pHY300PLK (Takara, Shiga, Japan) or pSJK1, tetracycline (Tc) was included in the medium at the concentration of 10 µg/ml.
Identification of MJ5-41
The recA gene was amplified from MJ5-41 chromosome by using the primer pair recAF (5'-TGAGTGATGATCGTCAGGCAGCCTAG-3') and recAR (5'-CYTBTGATAAGARTACCAWGMACCGC-3'). PCR was done under the following conditions: 94 and then sequenced (Cosmogenetec, Seoul, Korea). RAPD (randomly amplified polymorphic DNA)-PCR profile of MJ5-41 was obtained by using S-30 (5'-GTGATCGCAG-3') as a single primer, and the RAPD-PCR conditions were the same as described previously [13] .
Assay of Fibrinolytic Activities
Bacillus cultures were cultivated in LB at 37 o C with shaking. At different growth stages, aliquots of culture were taken and centrifuged at 5,000 ×g for 20 min at 4 o C. Supernatant was filtered using a disposable syringe-type filter (0.45 µm; Sartorius Stedim, Aubagne, France) and then subjected to ammonium sulfate precipitation [80% (w/v)] for overnight at 4 o C. The ammonium sulfate pellet was obtained by centrifugation (5,000 ×g for 30 min), redissolved in sodium phosphate buffer (20 mM, pH 7.0), dialyzed against the same buffer overnight at 4 o C, and then freeze-dried. After resuspension in a small volume of sodium phosphate buffer (20 mM, pH 7.0), fibrinolytic activity was measured by the fibrin plate method as described previously [15] . Plasmin (Sigma; from human plasma, P1867) was used as the standard for the preparation of a standard curve.
Partial Purification of AprE5-41
A 48 h culture in LB (3 l) was the starting material for purification of AprE5-41. Culture supernatant, obtained by centrifugation (5,000 ×g, 20 min), was filtered by using a 0.22 µm filter. Ammonium sulfate precipitation [80% saturation (w/v)], dialysis, and freeze drying were done as mentioned above. The freeze-dried sample was resuspended in 3 ml of 20 mM Tris-HCl buffer, pH 7.0. AprE5-41 was purified by CM-Sephadex, Phenyl Sepharose 6FF, and Sephadex G-75 column chromatographies, as described previously [8] . After each chromatography, aliquots of fractions were spotted onto fibrin plates and the plates were incubated overnight at 37 o C. Active fractions were pooled, freeze-dried, and further purified. Protein concentration was determined by the Bradford method [2] using BSA (bovine serum albumin) as a standard. Active fractions from the Sephadex G-75 column were pooled, freeze-dried, and resuspended in a small volume of 20 mM Tris-HCl buffer (pH 7.0). This was named as partially purified AprE5-41.
SDS-PAGE and Fibrin Zymography
SDS-PAGE and zymography were done for protein samples at different purification stages of AprE5-41. For SDS-PAGE, 5 µg of sample (in 1× SDS buffer) was loaded into 12% acrylamide gel after being boiled for 5 min [14] . For zymography, 0.5 µg was loaded without boiling. Acrylamide gel with fibrin was prepared as described previously [8] .
Stabilities of Partially Purified AprE5-41
The effect of pH on the fibrinolytic activity of the partially purified AprE5-41 was examined. AprE5-41 (2.5 µg) was incubated in 50 mM citrate-NaOH buffer (pH 3.0 to 5.0), sodium phosphate buffer (pH 6.0 to 7.0), Tris-HCl (pH 8.0 to 9.0), or glycine-NaOH buffer (pH 10.0) for 2 h at 37 o C. The remaining activity was measured by the fibrin plate method. The heat stability of AprE5-41 was examined by incubating 2.5 µg of AprE5-41 (in 50 mM sodium phosphate buffer, pH 7.0) at 37-60 o C for 30 min, and the remaining activities were measured. AprE5-41 was exposed to 5 mM metal ions or 1 mM inhibitors for 30 min at 45 o C and the remaining activities were measured.
Hydrolysis of Fibrinogen
Hydrolysis of fibrinogen (bovine; MP biochemicals, Illkirch, France) by AprE5-41 was examined. Fibrinogen (130 µg) was mixed with AprE5-41 (585 ng), and the mixture, 260 µl in 20 mM Tris-HCl (pH 7.0), was incubated up to 12 h at 37 o C. At various time points, aliquots corresponding to 10 µg of fibrinogen were taken out, mixed with 5× SDS sample buffer, boiled for 5 min, and then analyzed by SDS-PAGE using a 12% acrylamide gel.
Amidolytic Activity of AprE5-41
Amidolytic activity of AprE5-41 was assayed using the following substrates: N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide (Sigma, S7388), N-Benzoyl-Phe-Val-Arg p-nitroanilide hydrochloride (B7632), NBenzoyl-Pro-Phe-Arg p-nitroanilide hydrochloride (B2133), and N-(p-tosyl)-Gly-Pro-Lys 4-nitroanilide acetate salt (T6140).
Fifty µl of 10 mM substrate in 50 mM sodium phosphate buffer (pH 7.0) was mixed with 10 µl of partially purified AprE5-41 (1 µg) and 440 µl of sodium phosphate buffer (pH 7.0). After 10 min incubation at 37 o C, 500 µl of citrate-NaOH buffer (pH 3.0) was added and the mixture was put on ice immediately and centrifuged at 12,000 ×g for 5 min. The optical density (410 nm) of the supernatant was measured and the degree of hydrolysis was calculated from the absorbance values and molar extinction coefficient value of pnitroanilide (8,800 M
).
Gene Cloning of aprE5-41
To clone the aprE5-41 gene from B. amyloliquefaciens MJ5-41, the following primer pairs were used: 51F, 5'-AGGATCCCAAGAGAG CGATTGCGGCTGTGTAC-3' (BamHI site underlined) and 51R, 5'-AGAATTCTTCAGAGGGAGCCACCCGTCGATCA-3', (EcoRI site underlined) [9] . The MJ Mini gradient thermal cycler (BioRad, Hercules, CA, USA) and Ex Taq DNA polymerase (Takara) were used. The PCR conditions were as follows: 94 o C for 5 min. The amplified fragment was cloned into pHY300PLK (Takara) after being digested with BamHI and EcoRI and then ligated with pHY300PLK cut with the same enzymes. T4 DNA ligase (Promega) was used for the ligation. E. coli DH5α and B. subtilis WB600 [25] competent cells were prepared and transformed by electroporation as described previously [7] . Expression of aprE5-41 in B. subtilis WB600 was examined by measuring the fibrinolytic activity of the transformant.
RESULTS AND DISCUSSION
Identification of B. amyloliquefaciens MJ5-41 MJ5-41 was isolated from meju prepared by traditional ways at Sunchang, Junbuk, Korea. Initially, colonies with antimicrobial activities were screened, and isolates with antifungal and/or antibacterial activities were obtained. Some of them were found to possess fibrinolytic activities at the same time. MJ5-41, with growth inhibiting activities against fungi producing mycotoxins, showed the highest fibrinolytic activity when examined by the fibrin plate method. For the identification purpose, a 700 bp recA gene was amplified from MJ5-41 as described in the methods section and sequenced (GenBank Accession No. JN048426). When the translated amino acid sequence was analyzed by BLAST, the putative protein was 100% identical (227/227 aa) with the annotated RecA protein from B. amyloliquefaciens FZB42 (results not shown). The RAPD-PCR profile of MJ5-41 also matched with those of B. amyloliquefaciens reference strains when S-30 was used as a single primer (results not shown) [13] . From these results, it was concluded that MJ5-41 was a B. amyloliquefaciens strain and was named B. amyloliquefaciens MJ5-41 accordingly.
Fibrinolytic Activity of B. amyloliquefaciens MJ5-41
The fibrinolytic activity of B. amyloliquefaciens MJ5-41 was higher than that of B. amyloliquefaciens CH86-1 [15] and B. amyloliquefaciens CH51 [9] , two strains previously isolated from cheonggukjang. When determined by the fibrin plate method, MJ5-41 showed the highest activity (37.7 unit/mg protein), CH86-1 the close second (37.1 unit/mg protein), and CH51 the distant third (28.9 unit/mg protein). Although AprE is the main fibrinolytic enzyme and is responsible for the main part of the fibrinolytic capacity of a host cell, other minor proteases such as Vpr and Bpr also contribute to the fibrinolytic activity of each strain [5] . Thus, the observed difference among the three B. amyloliquefaciens strains might be due to differences in other minor fibrinolytic enzymes in the strains.
The effect of medium on the growth and fibrinolytic activity of B. amyloliquefaciens MJ5-41 was examined. Each medium was 1% (v/v) inoculated with overnight culture of B. amyloliquefaciens MJ5-41 and incubated up to 72 h at 37 o C with shaking. LB, NB, and TSB supported cell growth equally well. Absorbance (OD 600 ) values of the three cultures were 1.5-1.6 in 72 h, whereas that of BHI culture was only 1.3. Fibrinolytic activities, however, were different among the four cultures and LB was the best medium. In LB, the fibrinolytic activity increased continuously, reaching 3,101 mU/mg protein at 72 h (Fig. 1) . In NB, fibrinolytic activity reached 1,500 mU/mg protein at 24 h and then decreased to less than 200 mU/mg protein. In BHI, activity remained at a basal level during the whole 72 h period. In TSB, fibrinolytic activity remained at a basal level until 48 h and then increased sharply. It is clear that the fibrinolytic activity of B. amyloliquefaciens MJ5-41 varies significantly depending on the growth medium, and thus medium should be selected carefully. For B. amyloliquefaciens CH51, TSB was the best medium and NB was the distant second during the 50 h incubation period [9] .
LB was selected as the growth medium for B. amyloliquefaciens MJ5-41 in this work.
Partial Purification of AprE5-41 and Stabilities of MJ5-41 AprE5-41 was purified from the culture supernatant and the overall purification fold was 30.18 and the yield was 2.05% (Table 1) . SDS-PAGE and zymography were done for samples from different purification stages (Fig. 2.) . In  Fig. 2 , the band of mature AprE5-41, 27 kDa in size, is marked by an arrow on the left side. Although the intensity of the AprE5-41 band seemed to be increased as purification proceeded and contaminating proteins were removed, other proteins were still present with AprE5-41 after gel filteration. Among the contaminating proteins, two bands with an apparent size of 43 kDa and 21 kDa, respectively, were dominant. The Sephadex G-75 purified sample was named as partially purified AprE5-41 and used for the further experiments.
Zymography failed to resolve the active AprE5-41 band according to its molecular mass, 27 kDa. Instead of a 27 kDa band, a big smear appeared at the top of the gel, indicating that AprE5-41 and possibly other minor fibrinolytic proteases remained at the upper region of the gel (Fig. 2B) . This phenomenon, a so-called " binding mode," was explained to be caused by either tight binding of enzyme molecules to fibrin substrate in the gel, or a high pI value of enzyme [4, 5] . The same phenomena was observed for AprE51 [9] and other fibrinolytic enzymes [8] . Since the calculated pI value of mature AprE5-41 is 6.65, this might be caused by binding of AprE5-41 molecules to fibrin in the gel.
Partially purified AprE5-41 showed the highest fibrinolytic activity at pH 7.0 (Fig. 3A) . About 83% of activity was maintained after 2 h at pH 6 and 54% at pH 8.0. However, the activity decreased rapidly at acidic pHs and only 8% remained at pH 5.0. The results show that AprE5-41 is most stable at neutral pHs (pH 6-7) and relatively stable at alkaline pHs (pH 8-10). There is some similarity between nattokinase and AprE5-41, since nattokinase is most stable at alkaline pHs [18] . However, the optimum pH for nattokinase is significantly higher than that of AprE5-41. The optimum pH was reported to be 8.5 for nattokinase from B. subtilis YJ1 [26] and 8.0 for nattokinase from B. subtilis Natto B-12 [23] .
AprE5-41 was stable at 45 o C (pH 7.0) but the activity decreased rapidly above 45 o C (Fig. 3B) . At 50 o C, only (Table 2) . Mn
2+
, Cu
, Co
, and Zn 2+ reduced the activity and Zn 2+ caused the strongest inhibition (54.91% inhibition). The effect of a metal ion on the fibrinolytic activity of an enzyme is variable depending on the enzyme. For example, nattokinase from B. subtilis YJ1 was completely inactivated by Zn 2+ (100% inhibition) and severely inhibited by Cu 2+ (82% inhibition) but activated by Co 2+ (160% increase) [26] , which is quite different from AprE5-41. PMSF, a well-known inhibitor for serine proteases, reduced the activity of AprE5-41 by 63.68%. EDTA also inhibited the activity by 56.68%. Inhibitors for other protease types caused less reduction in activity. These results implied that AprE5-41 was a serine-type protease. Nattokinase from B. subtilis YJ1 was completely inactivated by 1 mM PMSF and 23% inhibited by 1 mM EDTA. Again, sensitivity to inhibitors is different among fibrinolytic enzymes.
Other Properties of Partially Purified AprE5-41
Among the synthetic substrates tested, AprE5-41 degraded N-Succinyl-Ala-Ala-Pro-Phe-pNA most efficiently (Table 3) , a substrate for subtilisin and chymotrypsin. The same results were reported for the fibrinolytic enzyme from Bacillus sp. nov. SK006 isolated from fermented shrimp paste [6] and a fibrinolytic enzyme of B. subtilis isolated from douchi [22] .
For the hydrolysis of fibrinogen, AprE5-41 quickly degraded Aα and Bβ chains (Fig. 4.) . The Aα chain was the most sensitive and quickly hydrolyzed in 10 min. The Bβ chain was degraded in 1 h, but the γ-chain was not degraded even after 24 h. All three subunits of fibrinogen remained intact after 24 h in the absence of AprE5-41 (results not shown). This pattern is different from that reported for a fibrinolytic enzyme from B. subtilis in which the Bβ chain was degraded first [10] . The pattern is also different from that reported for recombinant subtilisin DJ-4 in which the γ-chain was degraded [3] . The degradation pattern of fibrinogen seems to be different among similar fibrinolytic proteins and thus each enzyme needs to be checked individually.
aprE5-41
Gene Cloning A 1.5 kb PCR fragment, encompassing the complete aprE5-41 gene including 5' putative promoter sequence and a possible 3' terminator, was obtained and sequenced. A total of 1,485 nucleotide sequences were determined and analyzed by BLAST. Homology search confirmed that an ORF in the 1.5 kb fragment was a homolog of aprE genes produced by various bacilli. The sequence was deposited in GenBank (Accession No. JF739176). The ORF is 1,149 bp in size, encoding 382 amino acids. The first 30 amino acids are most likely the signal sequence, as predicted by the SignalP 3.0 server (http://www.cbs.dtu.dk/ services/SignalP/). The proenzyme (352 aa) was 35,886.22 Da in size, with a pI value of 8.93. All subtilisins are produced Table 3 . Amidolytic activity of AprE5-41. Amino acids different from AprE5-41 are boxed. The cleavage site for proenzyme and mature enzyme are marked above the amino acid sequence. Prosubtilisin DJ-4 (AAT45900.1) [3] , subtilisin E precursor (CAA74536.1), AprE2 (ABJ98765.1) [7] , nattokinase (ACJ11220.1), AprE (ABS73414.1), subtilisin BPN' (P00782.1), and AprE5-41 (JF739176).
enzymes including nattokinase (Fig. 5 ). AprE5-41 is 100% identical with AprE86-1 in amino acid sequence. For the nucleotide sequence, 1 base difference exists; the codon of the 85 th amino acid is GCT for aprE5-41 and GCC for aprE86-1. AprE5-41 is also highly similar to pro-subtilisin DJ-4 (99%) from Bacillus sp. DJ-4 [3] and AprE51 (99%) from B. amyloliquefaciens CH51 [9] . The 251 th and 254 th amino acids are S and I for AprE5-41, but A and V for prosubtilisins DJ-4 and AprE51. AprE51 has two additional substitutions in the signal peptide, 26 th and 27 th amino acids. They are T and S for AprE5-41 but S and P for AprE51. AprE5-41 shows 86-87% homology with nattokinase from Bacillus subtilis strains. When the first 30 amino acids (signal peptide) of AprE5-41 were compared with other fibrinolytic enzymes, AprE5-41 was identical with DJ-4 and AprE and different from BPN' from B. amyloliquefaciens at one amino acid: the 27 th amino acid is P for AprE5-41 but S for BPN'. Nattokinase, AprE2, and subtilisin E have signal peptides consisting of 29 amino acids, and 6 amino acids are different from those of AprE5-41.
Although AprE5-41 has a significantly similar amino acid sequence with nattokinase and other fibrinolytic enzymes, it differs from other enzymes in some important characteristics such as the optimum pH and metal ion preference for the activity. It has been reported that subtilisins hydrolyze fibrin less efficiently than nattokinase, despite of high similarities in the amino acid sequences [18, 23] . A few amino acid substitutions might cause significant difference in the efficiency of fibrin degradation. At present, it is not clear which are the most important amino acids for the activity of nattokinase and other subtilisins with fibrinolytic activities. More studies should be conducted on the role of key amino acids that confer high specificity for fibrin as a substrate. The information obtained will be very useful for the modification and improvement of fibrinolytic enzymes via protein engineering methods. Wu et al. [24] carried out site-directed mutagenesis experiments on three amino acid residues (Gly 100 , Ser
101
, and Leu
126
) that form the S3 site of nattokinase. Kinetic analyses of the resulting 20 mutants confirmed that these residues were crucial for protease activity and also affected the substrate specificity of nattokinase. This work showed a possibility to produce nattokinase with modified substrate specificity by protein engineering. Subtilisin BPN' from Bacillus amyloliquefaciens was also tested for the modification of substrate specificity by site-directed mutagenesis [19] . Although it turned out that a change of the enzyme properties by simple amino acid substitutions was very difficult because of many factors contributing to the substrate specificity and catalytic efficiency, such efforts provided some insights on the possible methods for improving enzymes.
aprE5-41 was successfully expressed in a heterologous host, B. subtilis WB600, when introduced via pHY300PLK, a Bacillus-E. coli shuttle vector (Fig. 6 ). There was no difference in the cell growth between WB600 and WB600 harboring pSJK1 (pHY300PLK with aprE5-41) when grown in LB up to 84 h. After 84 h, the absorbance (OD 600 ) of culture with pSJK1 decreased rapidly, whereas that of the WB600 control remained constant. This may be caused by extra burden imposed on WB600 cells carrying pSJK1. Fibrinolytic activity was only observed from culture carrying pSJK1. The activity gradually increased during cultivation and reached a maximum (3,698±494 mU/ml) at 84 h and then decreased slightly. the fibrinolytic capacity of a strain can be enhanced by introduction of a gene, as demonstrated by this work. Gene introduction together with improvement of fibrinolytic genes by sitedirected mutagenesis will contribute to the construction of Bacillus strains with desirable properties, which can be used for the production of functional foods or effective medicines for cardiovascular diseases in the near future. In this respect, aprE5-41 is a useful resource as a substrate for mutagenesis works including directed evolution and family gene shuffling. 
